Variations of leaf form, i.e., differences in shape and size, among citrus varieties and the genotype × environment (GE) interactions influencing the variations were examined. Leaf shape was quantitatively measured by the score of the principal components of elliptic Fourier descriptors (EFDs). Leaf size was measured in terms of area and perimeter. The first four principal components of EFDs, which could explain over 90 % of the shape variations, were good measures of the length to width ratio, the position of the center of gravity, the curvature, and the degree of roundness. Nested ANOVA for the leaf form variations in nine citrus varieties indicated that the variations accounted for by the 1st, 2nd and 4th components were inherited. GE interaction of the leaf form was investigated using the data appertaining to seven genotypes from eight locations; the interaction was significant for all the principal components examined except the third. Although the interaction fitted very poorly to a joint linear regression analysis model developed from the data, it was effectively explained by an additive main effect and multiplicative interaction model where the score of the interaction principal component was highly correlated with the stability indices. Our results suggest that the genotype was the main source of variation in leaf shape, but not in size, and that the contribution of GE interaction was minor to both shape and size, although statistically significant at the 1 % probability level.
Introduction
Leaf form, i.e., its shape and size, varies widely among citrus species and varieties, and leaf morphology has been used as a key taxonomic characteristic for classifying citrus species, together with floral and fruit morphology (Swingle 1967 , Tanaka 1969 ). In Japan, leaf form is measured and recorded as a characteristic feature in the registration of citrus varieties. Leaf form (or any characteristic) in classification requires it to be highly heritable and the genotype × environment (GE) interaction influencing it to be low or clearly understood. Although evaluation of GE interaction is essential to confirm the validity of the classification, the effects of GE interactions on morphological characteristics have not been examined in detail in plant species in general, let alone citrus.
Variations in leaf shape among citrus species and varieties are generally continuous, and cannot be treated qualitatively. However, unlike leaf size, leaf shape is difficult to measure quantitatively. In the variety registration descriptors in Japan, leaf shape is evaluated mainly through grading several morphological features, such as the shape of the overall leaf, the apex, the base of the blade and the wing. This type of evaluation is not appropriate for appraising continuous shape variation between varieties, although it may be used to make a rough classification of citrus species. Moreover, it depends on the subjective judgement of the observers, and may often cause unacceptable human errors. It is essential to develop a more precise and objective method for evaluating shape in order to analyze leaf shape by quantitative genetic principles.
Various methods of quantitatively describing plant shape have been suggested. The most commonly used is the method based on elliptic Fourier descriptors (EFDs) (Kuhl and Giardina 1982) , which has been successfully applied to the evaluation of several plant organs such as Betula leaf (White et al. 1988) , Begonia leaf (McLellan 1993), soybean leaflet (Furuta et al. 1995) , buckwheat kernel (Ohsawa et al. 1998) , yam tuber (Toyohara et al. 2000) and radish root (Iwata et al. 1998 , Iwata et al. 2000) . This method describes the entire shape mathematically through transforming coordinate information concerning its contour into Fourier coefficients. Principal component analysis of the coefficients can then extract the independent shape characteristics, and make it possible to analyze the shape quantitatively by using the component scores as ordinary quantitative characters (Rohlf and Archie 1984) .
The aim of the present study was to evaluate the validity of the classification of citrus varieties based on leaf morphology. We first examined whether the analysis based on the EFDs is efficient for evaluating the variation of citrus leaf morphology using the data set containing nine varieties that provide a representative variation of the leaf morphology. Next, we evaluated the contribution of the genotypes, environments and GE interactions to the leaf shape variation using the data set containing seven varieties/lines planted at eight locations. The patterns of GE were examined by ANOVA, by Muir's method (Muir et al. 1992) , and by developing the joint linear regression analysis (JRA) (Yates and Cochran 1938, Finlay and Wilkinson 1963) and the additive main effect and multiplicative interaction (AMMI) (Okuno 1950 , Gauch 1988 ) models. The variations of two size factors, the leaf area and perimeter, were also analyzed in a similar fashion.
Materials and Methods

Plant materials
Evaluation of leaf shape variations among citrus varieties: We tested nine citrus varieties from seven species and one interspecific hybrid, namely Hirado-buntan (Citrus grandis Osbeck), Hassaku (C. hassaku hort. ex Tanaka), Kawano-natsudaidai (C. natsudaidai Macf.), Valencia (C. sinensis Osbeck), Miyauti-iyo (C. iyo hort. ex Tanaka), Kuno-unshiu, Miyagawa-wase (C. unshiu Marc.), Ohtaponkan (C. reticulanta Blanco) and Kiyomi (C. sinensis × C. unshiu). These varieties provided a representative variation of citrus leaf shapes. For each variety, four genetically identical trees propagated through grafting were randomly chosen from the field at the Okitsu Branch of the National Institute of Fruit Tree Science (Simizu, Sizuoka, Japan) in 1993. Ten branches were randomly sampled from the periphery of the crown of each tree. We excluded the leaves at the first position at the tip and those at the basal third of the branches, which were found to have the greatest within-tree variations in a preliminary analysis (Iwata et al. 1994 ). Hereafter, we refer to this data set as set A.
Analysis of GE interaction: To evaluate the GE interaction, we took leaf samples from 12 varieties/lines planted at 28 locations in Japan. In 1994, five branches were randomly sampled from each of two trees for each variety at each location, and three leaves were sampled from the middle leaf positions of each branch. We could not always sample two trees of all of the varieties at all of the locations. Since an unbalanced data structure would complicate this kind of analysis, in the evaluation of GE interaction we used the partial data set relating to seven citrus varieties/lines (Southern Yellow (<C. grandis × C. sulcata> × C. kinokuni), Southern Red (<C. unshiu × C. nobilis> × C. reticulate), Akemi (<C. unshiu Image processing and quantitative measurement of the leaf shape
The leaves were photographed with a scale marker (30 mm × 30 mm) on 35 mm color reversal film. Images on the films were then converted into R (red), G (green) and B (blue) digital images, with a 512 × 512 spatial resolution and 256 gray levels for each color, using a video camera (PHV-A7, SONY, Tokyo) and a real time A/D converter (FA-310, For-A Corp, Tokyo). The closed contours of the leaves were obtained through binary images, which were converted from R images with appropriate thresholds, and were described by chain-code (Freeman 1974) , with a color image processor (HRU-TAICHI IV80, Ezel Sharp, Tokyo). The coefficients of EFDs, which were normalized to avoid variations related to the size, rotation and starting point of the contour traces, were then calculated from the chain-code through the procedure based on the ellipse of the first harmonic (Kuhl and Giardina 1982) . By this procedure, the shape of each leaf was approximated by the first 20 harmonics, which correspond to the 77 coefficients of normalized EFDs. The leaf area and perimeter were also obtained from the chain-coded contour in order to examine size variations among varieties.
Statistical analysis
Evaluation of leaf shape variation among citrus varieties: To examine whether the analysis based on the EFDs is efficient to evaluate the variations of citrus leaf shape, we used data set A in the following analyses. To summarize the information contained in the coefficients of Fourier descriptors, we performed a principal component analysis based on a variance-covariance matrix of the coefficients, and the scores of the components were used in the following analysis as characteristics of leaf shape. To examine the varietal effect on the principal component scores, leaf area and leaf perimeter, we performed nested ANOVA separately for each variable since the samples had a hierarchical structure with four sources, i.e., variety, tree, branch and leaf. The NESTED and GLM procedures in the SAS program package (SAS Institute Inc.) were used for these calculations.
Analysis of GE interaction: To examine the GE interactions, we used data set B and B'. We first estimated principal component axes using set B. The scores of the components estimated for set B' were used in the following analyses because set B had an unbalanced data structure as described above. Prior to the analyses, the principal component scores were normalized so that the mean and variance were transformed to 0 and 1, respectively, and were averaged for each tree by pooling the data for all of its sampled branches. First, we performed ANOVA with the model containing two main effects, i.e., genotype (varieties or lines) (G) and environment (locations) (E), and their interaction (G × E), using the procedure GLM (SAS Institute Inc.). When the GE interaction was significant, we further examined the interaction using the joint linear regression analysis (JRA) model (Yates and Cochran 1938, Finlay and Wilkinson 1963) and the additive main effect and multiplicative interaction (AMMI) model (Okuno 1950 , Gauch 1988 ). The significance of each factor contained in each model was tested using the F ratio (the mean square related to each factor)/(the residual mean square) of each model. We also calculated ecovalence (Wricke 1962 ) and the sum of squares due to heterogeneous variance (SS(HV)) and incomplete correlation (SS(IC)) (Muir et al. 1992 ) to examine the stability of each genotype in heterogeneous environments. The computer program written by one of us (H.I.) was used for these calculations.
Results
Leaf shape variation among citrus varieties
Data set A was analyzed in order to examine whether the analysis based on the EFDs is efficient to evaluate leaf shape variations among citrus varieties. The principal component analysis based on set A showed that the cumulative contributions of the first four components accounted for over 90 % of the total variation in leaf shape (Table 1) , and these four components were subjected to further analyses. The shape variations accounted for by each principal component can be visualized as reconstructed contours by inverse Fourier transformation (Rohlf and Archie 1984). The reconstructed contours indicated that the 1st, 2nd, 3rd and 4th principal components (PC1, 2, 3 and 4) are good measures of the length to width ratio, the position of the center of gravity, the curvature, and the degree of roundness of the leaf, respectively (Fig. 1) .
The proportion of the variance component due to varietal differences in the nested ANOVA was high in PC2 and PC4, and extremely high in PC1 (Table 2) . These results suggest that the leaf shape characteristics accounted for by these three principal components are inherited. The scatter plots of within-tree means of the scores of these three components also indicated that these scores were good reflections of the differences in shape among varieties ( Fig. 2A, B) . These three components related to the symmetrical variations on the central axis of leaves (Fig. 1) . By contrast, in PC3, which accounts for asymmetrical variation about the central axis, the proportion of the variance component due to varieties was low and the proportion due to leaves was very high ( Table 2) .
The leaf area and perimeter differed little in the proportion of their variance attributable to varieties (both ca. 66 %). Furthermore, the means of these two variables over branches were highly correlated (r = 0.952, P < 0.01) (see also Fig. 2C ). So, we examined only the leaf area as a size factor in the following analysis.
GE interaction of leaf morphology
The first four principal components estimated on the data set B explained over 90 % of the total variation of the descriptors. From the reconstructed contours, these four components were found to reflect the type of shape variation similar to that observed in the data set A (data not shown). The scores of these four components for data set B' were used in the following analysis.
The ANOVA results indicated that the effects of both genotype and environment were highly significant for all the variables examined except for PC3 (Table 3 ). The F values for genotype were largest (in increasing order) in PC1, PC2 and PC4. The F value for genotype for the leaf area was smaller than the corresponding values for these three components. The F values for environment were largest in PC4 and the leaf area, followed by PC2. The GE interaction was significant at the 1 % probability level in PC2, PC4 and the leaf area, and significant at the 5 % level in PC1. In general, the environment effect and GE interaction were smaller than the genotype effect in the principal components of leaf shape. We analyzed the GE interaction concerning PC1, PC2, PC4 and leaf area (Table 3) , partitioned by both JRA and AMMI models. In the JRA model, the heterogeneity of the regression coefficients was not significant in any of the variables. In the AMMI model, we employed the first two interaction principal component axes (IPCA1 and 2) derived from the GE interaction term. IPCA1 was highly significant in all the variables examined and the mean square due to IPCA1 was larger than the corresponding figure due to the heterogeneity of the regression coefficients in the JRA model. IPCA2 was significant at the 5 % probability level in all the variables examined except PC2.
We also calculated stability indices, i.e., the ecovalence, SS(HV) and SS(IC), in order to examine the stability of each genotype in heterogeneous environments (Table 4) . The sum of squares related to the interactions was mainly explained by SS(IC) rather than by SS(HV). The squares of the IPCA scores were generally correlated with the values of Table  5 ), indicating that the IPCA scores provide a good reflection of the stability of leaf shape in different environments. Figure 3 shows the varietal mean of the principal components of EFDs, except PC3, and leaf area in each location. In PC1, the varietal difference was generally large at all locations and the ordering of genotypes was fairly similar among locations. By contrast, in PC2 and PC4, the varietal difference was also large but the ordering of genotypes among locations was more heterogeneous than in PC1. In leaf area, the varietal difference was smaller, especially in Matsubase, and the heterogeneity of the ordering of the genotypes among locations was larger than the shape characteristics. The results of statistical analyses reflected these features well. Overall, the major source of leaf shape variations was the genotype, and the GE interaction had a smaller effect on leaf shape than the genotype.
ecovalence and SS(IC) in all the variables examined (
Discussion
Leaf shape variation among citrus varieties
In the present study, we showed that citrus leaf shape could be measured quantitatively using the principal components of EFDs. The variation of citrus leaf shape could be decomposed into several mutually independent quantitative characteristics. The measurement of citrus leaf shape based on these characteristics will be more objective and precise than the traditional method, because it does not need a priori knowledge about the variation in shape of these leaves, and human errors can be effectively eliminated through computeraided measurement.
Of the first four principal components of the EFDs of leaf shape variations among the nine citrus varieties, the largest proportion of variance due to varieties was found in PC1 (which accounted for the ratio of leaf length to width). This indicates that the traditional measurement, based on the ratio of the leaf length to width, explains most of the leaf shape variations due to variety. The position of the center of gravity and the degree of roundness, which were accounted for by PC2 and PC4, explained 15 and 3 % of the total shape variation in the data set A, respectively. Although these two characteristics showed smaller variations than the leaf length to width ratio, the results of the nested ANOVA indicated that they are also heritable. It should be noted that the leaf shape characteristics described by the PC2 and PC4 components are difficult or time consuming to measure by traditional methods. In contrast to the principal components described above, the asymmetric variation accounted for by PC3, which explained 12 % of the total shape variation in data set A, was mainly caused by micro-environmental variations, i.e., the heterogeneity within individual environment, because the proportion of the variance component due to varieties was low and the proportion due to leaves was very high in the nested ANOVA analysis. These results demonstrate that the amount of variation accounted for by each component is not always directly related to its importance in genetic variation. Low heritability of asymmetric variation has also been found in the elliptic Fourier analyses of other materials, such as soybean leaflet (Furuta et al. 1995 ) and radish root (Iwata et al. 1998 .
A similar analysis on the leaf area and perimeter showed that the variance due to variety was comparatively large, suggesting that size factors are good indices for the classification of citrus varieties. Since area and perimeter were highly correlated with each other, there is no need to evaluate both of them in such a classification. In such a case, the shape index 4π × (area) / (perimeter) 2 (Keefe and Draper 1986), which is commonly used in the classification of shape, becomes synonymous with the reciprocal of the perimeter or area, and cannot give additional information about shape characteristics.
GE interaction of leaf morphology
The ANOVA for principal component scores in leaf shape showed that the genotype effect was larger than both the environmental effect and the GE interaction, and that the two shape characteristics accounted for by PC4 and PC2 (the degree of roundness and the position of the center of gravity) were more sensitive to the heterogeneity of the environment than the characteristic accounted for by PC1. For the leaf area, the contribution of genotype was relatively low.
The GE interactions influencing the leaf characteristics were very poorly explained by the heterogeneity of the regression coefficients of the JRA model because the response of each genotype to location indices was nonlinear (see also Fig. 3 ). However, these interactions could be successfully fitted to the AMMI model, and two measures of stability, ecovalence and SS(IC), were highly correlated with the square of the IPCA scores of the AMMI model.
Testing the GE interaction by Muir's method (Muir et al. 1992) showed that most of the GE interaction sum of squares is explained by SS(IC), indicating that the environmental variance within genotype was not markedly different between genotypes, and that GE interaction was mainly caused by the heterogeneity of the ordering of genotypes in different environments.
Quantitative evaluation of citrus leaf shape based on EFDs
The reproducibility and stability of the principal components of EFDs are important for using the scores of the components as key characteristics for the classification and registration of citrus varieties. In this study, we used two data sets, A and B, to estimate the principal components of EFDs of leaf shape variations of citrus. The first four components were found to reflect similar types of shape variation between data sets A and B through the visual evaluation of the reconstructed contours (Fig. 1) . We examined, in more detail, the concordance of the first four principal components between these two data sets as follows. We calculated the inner-product of the eigen vectors for the same order principal components observed in data sets A and B and obtained the angle of the vectors (Table 6 ). We also obtained the correlation coefficients (r) between the factor loadings for the same order principal components observed in the two data sets and examined the significance of the correlations by Mantel's test (Mantel 1967 ) using permutation procedures (10,000 resamplings). The angle ranged from 8.8 (in PC3) to 25.7 degrees (in PC4). The correlation coefficient ranged from 0.557 (in PC1) to 0.956 (in PC3) and was highly significant (P < 0.001) in all the principal components. PC3 had the smallest angle of the eigen vectors and the highest correlation between the factor loading, indicating that this component has high reproducibility and stability. By contrast, the other components had fairly high stability be- tween the two data sets. These results suggest that the same order principal components obtained from the two data sets can reflect similar types of shape variation but are not identical. To obtain more global and stable principal components for the classification and registration, we should perform the analysis with a data set containing wider genetic and environmental variations. However, it is also noted that characteristics which are suited to the description of global variations are not always effective in describing local variations, for example, difference between specific varieties. In the classification and registration of citrus varieties, it may be necessary not only to obtain the reproducible and stable principal components of EFDs using the data set containing large variations, but also to construct appropriate discriminant functions based on EFDs for classifying the local variations.
We evaluated the stability, i.e., the behavior of genotypes in varying environments, of citrus leaf morphology through the analysis of GE interaction. The term environment, in general, refers to either locations or years, or combination of both. In this study, the stability was examined only over locations. It may be necessary to clarify the GE interaction caused by the difference of year or the combination of location and year to confirm more certainly the validity of EFDs for the classification and registration of citrus varieties.
In conclusion, the leaf shape based on EFDs is a good index for the classification and registration of citrus varieties since the major source of leaf shape variation is the genotype. However, for the precise evaluation of phenotypic variation of citrus leaf shape, both environmental effects and GE interaction should also be taken into account, especially for the variations accounted for by PC2 and PC4. The environmental effect could be removed by subtracting the average value over genotypes for each environment from the observed value. However, the GE interaction is not easily removed because it is mainly caused by the nonlinear response of the genotypes to differences in the environment, i.e., the heterogeneity of ordering of genotypes between environments. Therefore, for a comprehensive analysis of genetic variation of citrus leaf shape, it would be essential to record the location and year in which samples were taken, as well as the data related to shape. With respect to the size factors, it is more important to take into account the environment effect and GE interaction because the contribution of genotype was relatively low in contrast with shape characteristics. Table 6 . Inner-products and formed angles of the eigen vectors and correlation coefficients of the factor loadings of the same order principal components of data sets A and B (see text). The siginificance of the correlation was examined by Mantel's test (1967) using permutation procedures (10,000 resamplings) P C 1 P C 2 P C 3 P C 4
Eigenvector Inner-product 0.933 0.960 0.988 0.901 angle (degrees) 16.4°21.1°8.8°25.7°F actor Loading Correlation 0.557*** 0.688*** 0.956*** 0.695*** PC1-4: 1st-4th principal components *** significant at the 0.1 % probability level
